On the molecular structure of HOOO J. Chem. Phys. 136, 034303 (2012) A spin-adapted size-extensive state-specific multi-reference perturbation theory. I. Formal developments J. Chem. Phys. 136, 024105 (2012) Comparison of two-body and three-body decomposition of ethanedial, propanal, propenal, n-butane, 1-butene, and 1,3-butadiene J. Chem. Phys. 136, 024308 (2012) Accurate calculation of the intensity dependence of the refractive index using polarized basis sets J. Chem. Phys. 136, 024302 (2012) An energy decomposition analysis for intermolecular interactions from an absolutely localized molecular orbital reference at the coupled-cluster singles and doubles level J. Chem. Phys. 136, 024103 (2012) Additional information on J. Chem. Phys. The purpose of the present investigation is to calculate partition functions and thermodynamic quantities, viz., entropy, enthalpy, heat capacity, and Gibbs free energies, for 1-butanol, 2-methyl-1-propanol, and butanal in the vapor phase. We employed the multi-structural (MS) anharmonicity method and electronic structure calculations including both explicitly correlated coupled cluster theory and density functional theory. The calculations are performed using all structures for each molecule and employing both the local harmonic approximation (MS-LH) and the inclusion of torsional anharmonicity (MS-T). The results obtained from the MS-T calculations are in excellent agreement with experimental data taken from the Thermodynamics Research Center data series and the CRC Handbook of Chemistry and Physics, where available. They are also compared with Benson's empirical group additivity values, where available; in most cases, the present results are more accurate than the group additivity values. In other cases, where experimental data (but not group additivity values) are available, we also obtain good agreement with experiment. This validates the accuracy of the electronic structure calculations when combined with the MS-T method for estimating the thermodynamic properties of systems with multiple torsions, and it increases our confidence in the predictions made with this method for molecules and temperatures where experimental or empirical data are not available.
I. INTRODUCTION
Butanol, 2-methyl-1-propanol, and butanal play important roles in alternative-fuel combustion. [1] [2] [3] [4] [5] Therefore, accurate estimation of the thermodynamic properties of these systems is essential. One can, in favorable cases and for certain conditions, obtain these properties either experimentally or by a statistical mechanical approach. Since it is very difficult and often impossible to measure thermodynamic properties of substances for a wide range of temperature by experimental means, it is necessary to calculate them by employing reliable theoretical-methods, validated by experimental data. In the present article we consider four properties, entropy (S , that are needed to calculate thermal reaction rate constants and chemical equilibrium constants. We validate the method where experimental or empirical data are available, and we make predictions for the remaining cases.
Limited experimental data are available. 6-9 Parks 6 presented heat capacity and free energy data for crystalline and liquid n-butyl alcohol at low temperatures. Strömsöe et al. 8 reported vapor-phase heat capacity for various aliphatic alcohols including 1-butanol and 2-methyl-1-propanol; these heat capacities were measured in a flow calorimeter at atmospheric pressure in a temperature range of about 300-600 K. For butanal, Tjebbes 7 estimated the heats of combustion and heats of formation experimentally. Benson's empirical group additivity (GA) method 9 has widely been used by researchers to a) Author to whom correspondence should be addressed: Electronic mail: truhlar@umn.edu.
estimate thermodynamic quantities for systems with no available experimental results. The GA method is empirical and is based on fitting a limited number of experimental data for a limited number of systems. Its reliability and accuracy is questionable when applied to systems not contained in its training set, but the accuracy is high for cases for which it represents a convenient fit to available experimental data.
The recently developed internal-coordinate multistructural (MS) approximation 10 can be used to compute partition functions and other thermodynamic quantities of systems with multiple structures and torsional (T) anharmonicity, and it has recently been applied successfully to hydrocarbons. 11, 12 Other work on coupled torsions includes the work of Miller and Clary 13 and that of Waroquier and coworkers. 14 Miller and Clary developed a torsional path integral Monte Carlo algorithm to calculate the conformational thermodynamics of molecules; their treatment provides a coupled, anharmonic description of the torsional contributions to the partition functions, a harmonic treatment of the other internal modes, and an ab initio description of the potential energy surface. Waroquier and coworkers developed an internal-coordinate scheme for coupling neighboring torsions.
The MS-T method developed in our group combines both MS anharmonicity and T anharmonicity. In the lowtemperature limit, where the MS anharmonicity is most important, the MS-T method reduces to the local-harmonic (LH) approximation, while in the high-temperature limit, it gives the free-rotor result and thus includes the T anharmonicity effect. In this work, we have included anharmonicity in three ways:
1. Scaling of harmonic frequencies by empirical factors 15 that depend on the electronic model chemistry. This is done in order to reduce the error in zero-point energies, which are calculated by the LH approximation. 2. Using all structures for a particular system. The presence of multiple local minima on a potential energy surface is an anharmonic effect. 3. Inclusion of torsions and their coupling to one another and to overall rotation.
In the present study, we focus our attention on the determination of various thermodynamic properties of 1-butanol, 2-methyl-1-propanol, and butanal in the gas-phase. We employed three Minnesota density functionals, M06-2X (Ref. 16 ), M08-SO (Ref. 17) , and M08-HX (Ref. 17) along with the explicitly correlated coupled-cluster (CC) wave function method in order to determine standard state entropies, heat capacities, enthalpies, and Gibbs free energies. Even at temperatures below the boiling point, all the calculations are performed for a pure ideal gas at a pressure of 1 bar. Molecular dissociation is not included.
II. COMPUTATIONAL DETAILS
The geometry optimizations and frequency calculations for 1-butanol were performed with M06-2X (Ref. 16 ), M08-HX (Ref. 17) , and M08-SO (Ref. 17) with the 6-311+G(2df,2p) basis set. 18 The 6-311+G(2df,2p) basis is the same as MG3S (Ref. 19 ) for H, C, and O, and we will use the shorter name "MG3S". For 2-methyl-1-propanol, geometries and frequencies were calculated with M08-HX/MG3S, and for butanal they were calculated by M08-HX with the minimally augmented correlation-consistent triple-zeta basis set, i.e., maug-cc-pVTZ. 20 We also performed single-point calculations with the F12a explicit correlation extension of coupled cluster theory with single and double excitations and a quasiperturbative treatment of connected triple excitations (CCSD(T)-F12a) (Ref. 21 ) and the jul-cc-pVTZ (Ref. 20) basis sets for the one-electron part of the basis set.
All the density functional calculations were carried out with the GAUSSIAN 09 (Ref. 22 ) suite of programs, and the CCSD(T)-F12a results were obtained using MOLPRO. 23 The density functional frequency calculations involve 99 radial shells and 974 angular points per shell and are scaled by standard scaling factors 15 of 0.970 for M06-2X/MG3S, 0.973 for M08-HX/MG3S, 0.983 for M08-SO/MG3S, and 0.976 for M08-HX/maug-cc-pVTZ.
The MS-T method for the partition functions and thermodynamic quantities takes into account all the conformational structures of a system and improves over the harmonic results by using torsional factors. 10 In the local harmonic (LH) approximation, the conformational-rotational-vibrational partition functions can be written as
where j labels a structure, J is the number of structures, the term "con" means conformational, "rovib" denotes rotational-vibrational, Q rot, j is the rotational partition function of structure j, which includes the rotational symmetry number, σ j , in the denominator, and Q HO j is the normal-mode local-harmonic-oscillator vibrational partition function calculated at structure j. Including the torsional factors in Eq. (1), the partition function becomes
where Z j is a factor that is designed to ensure that the MS-T approach reaches the high-temperature limit, f j, τ is an internal-coordinate torsional anharmonicity function, and τ is the torsional motion. The MS-T and MS-LH methods are implemented in the MSTor program. 24 The total partition function is the product of the contributions of electronic, translational, and conformationalrotational-vibrational factors. From the partition function, we can calculate entropy, heat capacity, enthalpy, and free energy using the MSTor program.
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III. RESULTS AND DISCUSSION
A. Structure and energetics of 1-butanol, 2-methyl-1-propanol, and butanal
The lowest-energy structures of 1-butanol, 2-methyl-1-propanol, and butanal are shown in Fig. 1 . In 1-butanol, there are four torsions, namely, O2-C3, C3-C4, C4-C5, and C5-C6. Of these, internal rotations around C5-C6 do not generate distinguishable conformers, and hence only the other three torsions, i.e., O2-C3, C3-C4, and C4-C5, produce structures that are distinguishable.
The naming convention for the structures is given in Table I . This table was prepared following the IUPAC convention 25 with slight modifications. We introduced "g±" and "a±" ranges to be "(±75, ±90)" and "(±90, ±105)", respectively. The density functional calculations with each of the three functionals yield 29 structures for 1-butanol with 14 
a The dihedral angles used for torsions are H1-O2-C3-C4, O2-C3-C4-C5, and C3-C4-C5-C6 for 1-butanol; H15-O14-C7-C5 and O14-C7-C5-H6 for 2-methyl-1-propanol; O2-C1-C4-C7 and C1-C4-C7-C10 for butanal. b (x, y) means x < τ < y. c This includes both −75 < τ < −30 and 30 < τ < 75.
pairs of mirror images and one structure (TTT) that does not have any distinguishable mirror image owing to the plane of symmetry. Note that structures having torsional angles that are all 180
• or 0
• (excluding the -CH 3 torsions) have indistinguishable mirror images due to the presence of a plane of symmetry; hence we should take into account only one structure. In case of 2-methyl-1-propanol, we have nine structures of which four have distinguishable mirror images; the other has the anti-periplanar (TT) arrangement. These nine structures are generated by rotating the molecule around O14-C7 and C5-C7; the other two rotations, viz., C1-C5 and C5-C10 contain -CH 3 , and thus, do not contribute any new structures. For butanal the torsions around C1-C4 and C4-C7, produce seven distinguishable structures, and torsion around C7-C10 does not produce more structures. Among these seven structures, we have three pairs of mirror images and one structure (CT) with torsional angles of 0
• and 180
• . The rotational symmetry numbers for all the structures are one because they have no rotational symmetry axis. Table II lists all the structures with their names and both zero-point-exclusive and zero-point-inclusive relative conformational energies. Although we performed geometry optimizations and frequency calculations using MO8-HX, M08-SO, and M06-2X for 1-butanol, Table II only shows the data for M08-HX since the coupled cluster calculations were carried out with M08-HX geometries, and hence this provides a better comparison to the coupled cluster results. The results for the other two functionals are given in the supplementary material. 26 Inspection of Table II reveals some noteworthy features of the results. For 1-butanol, the zero-point-exclusive relative conformational energies calculated using the M08-HX functional are lower than those obtained with CCSD(T)-F12a for 18 of the total of 27 non-zero relative energy values. In contrast, for 2-methyl-1-propanol, the zero-point-exclusive relative conformational energies in 4 out of 7 cases are lower when calculated with the coupled cluster method than when M08-HX was used. For 1-butanol and 2-methyl-1-propanol, the most stable geometry is the same in both density functional and coupled cluster methods. In case of butanal, however, the lowest energy structures are different and all the rel- 1-butanol T − G + T − , T + G − T + 0.00 0.00 0.00 ative conformational energies are lower according to coupled cluster than the density functional ones. Some of the torsions in these molecules are strongly coupled (SC). In an ideal situation, where all torsions are independent, alcohols would have 3 n structures, where n is the number of torsions that each generate 3 distinguishable structures. Since n is 3 for 1-butanol and 2 for 2-methyl-1-propanol, ideal torsions would generate 27 and 9 structures, respectively. We do have nine structures in the latter case; however, due to coupling between O2-C3 and C4-C5, we identified 29 distinguishable structures for 1-butanol. This is attributed to steric hindrance 10 between terminal -OH and -CH 3 groups. In particular, the expected
, respectively. Hence, instead of 27 structures, we have 29. Earlier studies 27, 28 based on the conformational analysis of 1-butanol have taken into account only 27 structures. Of the four torsions present in 1-butanol, three of them, i.e., O2-C3, C3-C4, and C4-C5 are SC and one (C5-C6) involving the -CH 3 group is nearly separable (NS). In case of 2-methyl-1-propanol, two torsions (O14-C7 and C5-C7) are SC, and the other two, viz., C1-C5 and C5-C10 with -CH 3 group are NS in nature.
It is harder to count the number of ideal structures for butanal, but we find seven structures, which is clearly non-ideal since seven, like 29, is a prime number. Butanal has two SC torsions (C1-C4 and C4-C7) which generate distinguishable structures, and the one containing the -CH 3 group, C7-C10 is NS.
B. Conformational-rotational-vibrational partition functions of 1-butanol, 2-methyl-1-propanol, and butanal
Tables III-V present the conformational-rotationalvibrational partition functions for 1-butanol, 2-methyl-1-propanol, and butanal, respectively. For 1-butanol, the structure with the lowest zero-point-exclusive energy also has the lowest zero-point-inclusive energy. The zero of energy for calculating the partition functions is taken to be the zero-point-exclusive energy of this structure. In case of 2-methyl-1-propanol and butanal, the zero-point-exclusive and zero-point-inclusive energies yield different minimum-energy structures. For 2-methyl-1-propanol, we have taken the zeropoint-exclusive energy of the T − G − , T + G + structures as the zero of energy to calculate the partition functions; for butanal, the zero-point-exclusive energies of C − G − and C + G + are taken to be the zero of energy for calculating the partition functions.
To calculate the partition functions, one requires local periodicity 10 (M j, τ ) parameters. For NS torsions involving the CH 3 group, M j, τ is three. However, for the torsions that are SC, we use the Voronoi tessellation method (VTM). 10, 24 We use three-dimensional VTM for 1-butanol, two-dimensional VTM for butanal, and assign integer values for 2-methyl-1-propanol. Table III illustrates that the partition functions (Q) obtained with M08-HX/MG3S are larger than those obtained with CCSD(T)-F12a at all temperatures above 298 K in both the MS-LH and MS-T approximations. Similar behavior is observed when using M08-SO/MG3S, where we found that the density functional calculations give a larger Q at all temperatures studied here. However, the third density functional, M06-2X, gives smaller Q values than the coupled cluster in both the approximations for all temperature values.
In Tables IV and V , the partition functions obtained with M08-HX/MG3S and M08-HX/maug-cc-pVTZ for 2-methyl-1-propanol and butanal, respectively, have smaller Q values than CCSD(T)-F12a irrespective of the temperatures used. Figure 2 shows the percent deviation in Q between M08-HX results and the coupled cluster method. This deviation is calculated as
The figure shows that we have a similar trend for alcohols where the percent deviation decreases with increase in temperature and starts to saturate at about 1500 K. The Q values for 1-butanol obtained from coupled cluster and density functional calculations are quite close to each other, and the deviation is 7% or less, whereas for 2-methyl-1-propanol, the percentage ranges up to 16%. The difference in Q values obtained with density functionals and coupled cluster methods for butanal, on the other hand, is quite large, up to 40% (see Fig. 2 ). As we increase the temperature, the Q values for butanal calculated using density functional and coupled cluster methods get closer.
C. Thermodynamic quantities: Standard state entropy, heat capacity, enthalpy, and free energies of 1-butanol, 2-methyl-1-propanol, and butanal
In order to obtain the standard state entropy, heat capacity, enthalpy, and free energies, we made use of Eqs. (3)- (7) of Ref. 29 . The results are tabulated in Tables VI-XIV. We also applied Benson's GA parameters 9 to estimate entropies and heat capacities, and they are tabulated in these tables along with the density functional and coupled cluster results. For the calculations of entropy values from Benson's GA data at temperatures above 298 K, we made use of the following equation:
The standard heat capacity (C o P (T )) values obtained from the GA tables at available temperatures are fitted to a cubic polynomial and then used in Eq. (4) in order to get entropy values at the desired temperatures. The experimental data are taken from the TRC data series 30 and CRC Handbook of Chemistry and Physics. 31 Tables VI-VIII give the standard state entropies of 1-butanol, 2-methyl-1-propanol, and butanal, respectively. In all cases, the entropies calculated with MS-LH approximations are smaller than those calculated with the MS-T approximation for temperatures ranging from 200 K to 1000 K; however, beyond 1000 K the MS-LH entropies are larger than the MS-T ones, as shown in Fig. 3 . The estimated entropy values obtained from Benson's empirical GA parameters 9 agree only within 4.1 cal mol −1 K −1 with those obtained from density functional and coupled cluster methods. The experimental data taken from TRC and CRC data series, on the other hand, agrees well with the computed entropy values. It is very encouraging that for 1-butanol the torsional corrections at high temperatures (1500 K and 2000 K) bring the theory into close agreement with the experimental data.
The heat capacities are given in Tables IX-XI along with  Benson' s GA values and experimental results. We have computed the C o P (T ) for density functional and coupled cluster methods using a finite difference approximation to
The C o P (T ) values calculated using MS-LH approach are less than those calculated using MS-T in the temperature regime up to ∼450 K, while beyond that they become larger, as seen 
The ratio of the standard state entropies of 1-butanol, 2-methyl-1-propanol, and butanal obtained using MS-LH and MS-T approximations at various temperatures.
in Fig. 4 . Benson's GA value for the heat capacity agree well with those calculated from the MS-T approach beyond 400 K, while for 300 and 400 K, they are closer to the LH approximation. For 1-butanol, at temperatures greater than or equal to 600 K, the theoretical values are within 0.7 cal mol
of the experiment. 30 In case of 2-methyl-1-propanol, the com- slightly better in agreement with the experimental results than those obtained from the MS-T method with M08 or coupled cluster. Finally, we calculated the standard state enthalpy and Gibbs free energies, and the results are in Tables XII-XIV. Notice that our choice of zero of energy has the consequence that both enthalpy and free energy tend to the zero-point vibrational energy of the molecule under consideration at 0 K. (Thus the results in Tables XII and XIII have 
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IV. CONCLUSIONS
In the present work, we have calculated the partition functions and four thermodynamic quantities (entropy, enthalpy, heat capacity, and Gibbs free energy) for 1-butanol, 2-methyl-1-propanol, and butanal by applying the recently developed MS-LH and MS-T approximations. Our results for the thermodynamic properties agree well with the experimental values obtained from the TRC data series 30 and CRC tables, 31 where such data are available. The present investigation demonstrates the quantitative importance of torsional anharmonicity in these systems, particularly at high temperatures. The computed thermodynamic quantities agree with the empirical group additivity data of Benson only within 4.1 cal mol −1 K −1 ; this demonstrates the unreliability of group additivity.
The present investigation illustrates that high-level electronic structure calculations combined with MS statistical thermodynamic methods can be used reliably for calculating various thermodynamic properties of more complex systems with multiple torsions. Therefore, we can use this statistical mechanical approach to predict thermodynamic quantities even for molecules or temperatures where there are no experimental data or group additivity data.
